Purpose. Cryptococcosis is acquired from the environment by the inhalation of Cryptococcus cells and may establish from an asymptomatic latent infection into pneumonia or meningoencephalitis. The genetic diversity of a Cryptococcus neoformans species complex has been investigated by several molecular tools, such as multi-locus sequence typing, amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism and microsatellite analysis. This study aimed to investigate the genotype distributions and antifungal susceptibility profiles of C. neoformans sensu lato isolates from southern Brazil.
INTRODUCTION
The basidiomycetous yeast genus Cryptococcus is widely distributed in nature, found in soil, avian excreta, tree hollows and decaying wood [1, 2] . Within the genus, the C. neoformans/C. gattii species complexes are the most important in medical mycology as they are the main etiologic agents of cryptococcosis [3, 4] . Cryptococcus infection is acquired from the environment by inhalation of fungal cells and may establish as an asymptomatic latent infection in immunocompetent hosts or cause pneumonia and meningoencephalitis in immunosuppressed patients [4] . This infection is a common complication among solid organ transplant recipients showing high morbidity and mortality (27 %) during the first year of post-transplantation [5] . Among HIV-infected patients, 223100 new cases of cryptococcal meningitis occur annually, resulting in an estimated 181100 deaths [6] , especially in developing countries, where access to antiretroviral therapy is still limited [7] .
The taxonomy of the Cryptococcus genus was recently revised [3, 8, 9] . Both C. neoformans varieties were raised to species (C. neoformans sensu stricto and C. deneoformans) and the five C. gattii genotypes were grouped into five species (C. gattii sensu stricto, C. bacillisporus, C. deuterogattii, C. tetragattii and C. decagattii) [3] . This subject has been discussed among the scientific community, with some researchers endorsing the use of 'species complex' instead of using the 'seven recognized species' concept [10] ; while others endorse that the different C. neoformans/C. gattii genotypes need to be considered different species [11] .
The genetic diversity of C. neoformans sensu lato has been investigated with several molecular tools, such as multi-locus sequence typing (MLST) [12] [13] [14] , amplified length fragment polymorphism (AFLP) fingerprinting [15] , restriction fragment length polymorphism (RFLP) [16] and microsatellite analysis [17, 18] . Based on these molecular approaches C. neoformans s.s. contains three genotypes AFLP1/VNI, AFLP1A/VNII and AFLP1B/VNII, C. deneoformans is genotype AFLP2/VNIV and the hybrid between C. neoformans s.s. and C. deneoformans is AFLP3/VNIII [3, 15, 19] . Moreover, interspecies hybrids were found between C. deneoformans and C. gattii s.s. (AFLP2/VNIVÂAFLP4/VGI=AFLP8), C. neoformans s.s. and C. gattii s.s. (AFLP1/VNIÂAFLP4/ VGI=AFLP9) and C. neoformans s.s. and C. deuterogattii (AFLP1/VNIÂAFLP6/VGII=AFLP11) [19] [20] [21] .
C. neoformans s.s. genotype AFLP1/VNI is globally the predominant molecular type and causes the majority of cryptococcal infections [22, 23] . C. deneoformans is geographically restricted to Europe and North America, and the interspecies hybrid occurs in high rates in Mediterranean Europe, while in other regions it is rarely encountered [15, 19, 22] . In Latin America, C. neoformans AFLP1/VNI is the most frequently observed genotype, but the distribution of other genotypes is variable according to the geographic location. Colombia and Brazil have the highest genotypic diverse populations on the South American continent [22, 23] ; in addition, some studies have also demonstrated differences in circulating genotypes in each region of Brazil [24] [25] [26] . These findings suggest that molecular studies are needed to clarify the genetic diversity and distribution among each microhabitat [27] . Beyond the differences in geographical distribution, studies have suggested that differences in antifungal susceptibilities correlate with species and genotypes [17, 28, 29] .
Considering this information, it is necessary to emphasize the importance of investigating epidemiological relationships of clinical and environmental C. neoformans s.l. isolates as well as the relationship with antifungal susceptibility profiles. This will allow for a better understanding of the behaviour of this fungus as a saprophyte in the environment and as a pathogen in mammals. This study aimed to investigate the genotypic distribution and antifungal susceptibility profiles of C. neoformans s.l. species complex isolates from southern Brazil. 
METHODS

Genomic DNA extraction
The isolates were subcultured for 2 days at 30 C onto Sabouraud dextrose agar for genomic DNA extraction. A loop full of cells was suspended in 300 µl bacterial lysis buffer (Roche Diagnostics, Almere, The Netherlands), followed by mechanical lysis in a MagNA Lyser (Roche Diagnostics) and centrifugation for 2 min at 12.000 g, and inactivation at 100 C for 10 min. Then 200 µl of the solution was used for automatic DNA extraction by using the MagNA Pure 96 platform (Roche) with a final elution volume of 100 µl [30] .
Mating-type, serotype and genotyping The mating-type was determined by partial amplification of the RUM1 gene as described before [31] . C. neoformans s.l. strains 125.91 (=CBS10512; aA; AFLP1/VNI), H99 (=CBS8710; aA; AFLP1/VNI), JEC20 (=CBS10511; aD; AFLP2/VNIV) and JEC21 (=CBS10513; aD; AFLP2/VNIV) were included as controls [31] . AFLP fingerprinting analysis was performed as previously described [30] . Raw data was analysed using BioNumerics version 7.5 (Applied Maths, Sint-Martens-Latem, Belgium) with Pearson's correlation coefficient and unweighted pair group method with arithmetic mean clustering algorithm, DNA fragments in the range of 20 bp and to 600 bp were included in the analysis.
Microsatellite typing
The genetic relationship of C. neoformans s.l. isolates was investigated by using a nine-marker microsatellite panel as described before [18] . The minimum spanning tree was calculated using BioNumerics version 7.5 (Applied Maths, Sint-Martens-Latem, Belgium) [18] .
Antifungal susceptibility testing
Altogether, 109 isolates were randomly selected for antifungal susceptibility testing, which was performed according to CLSI protocol M27-A3 [32] . The antifungal agents tested were amphotericin B (Bristol Myers Squibb, Munich, Germany), fluconazole (Pfizer, Sandwich, UK), itraconazole (Janssen Pharmaceutica, Beerse, Belgium), voriconazole (Pfizer), posaconazole (Merck, NJ, USA), isavuconazole (Basilea Pharmaceutica, Basel, Switzerland) and flucytosine (ICN Pharmaceuticals, Zoetermeer, The Netherlands). The concentration ranges were 0.016 to 16 mg l À1 for amphotericin B, itraconazole, voriconazole, posaconazole and isavuconazole, and 0.062 to 64 mg l À1 for fluconazole and flucytosine. Cryptococcus isolates were cultured onto Sabouraud dextrose agar for 48 h at 30 C and the inocula were adjusted to 1Â10 3 -5Â10 3 c.f.u. ml À1 in 0.9 % NaCl to perform the test. Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were used as quality controls. MIC was defined as the lowest concentration that produced complete growth inhibition for amphotericin B and a prominent decrease of growth (50 %) for other antifungal agents, compared with the drug-free growth control. Interpretation of MIC values was based on epidemiological cutoff values [33] [34] [35] .
Data analysis MIC 50 and MIC 90 were obtained by ordering the data for each antifungal in ascending order and selecting the median and 90th quantile, respectively. Geometric mean MICs were calculated using Microsoft Office Excel 2010 software. When the MIC was higher or less than the dilutions tested, 1 log 2 dilution higher or 1 log 2 dilution lower was considered to calculate the geometric mean. A two-tailed MannWhitney-Wilcoxon non-parametric test was applied to compare the MIC values between different C. neoformans genotypes. The test was performed by StatistiXL software, version 1.8 (StatistiXL, Nedland, WA, Australia) and a P-value of 0.05 was considered statistically significant.
RESULTS
Molecular characterization
Among the 219 C. neoformans sensu lato isolates, 218 were serotype A and mating-type a by qPCR and one isolate remained undetermined. AFLP fingerprinting analysis divided the isolates into four clusters (Fig. 1) . Most of the isolates clustered together with reference strains for C. neoformans sensu stricto AFLP1/VNI (n=172; 78.5 %). Nineteen isolates (8.7 %) belong to the subgroup AFLP1A/ VNB/VNII, and four (1.8 %) isolates belong to the minor genotype AFLP1B/VNII. Twenty-three (10.5 %) isolates composed a singular cluster AFLP1C, with a new AFLP sub-genotype. One (0.5 %) isolate had an AFLP profile not assigned.
Microsatellite genotyping and genetic diversity
When all nine microsatellite CNA markers were combined, 129 different microsatellite genotypes were distinguished among 219 isolates, 93 being unique microsatellite genotypes. Using Simpson's diversity index (D), the discriminatory power for the complete set of nine microsatellite markers was 0.9856.
The relationship between different microsatellite genotypes is illustrated in Fig. 2 . There is a major cluster composed of 117 isolates differing from each other by one out of nine microsatellite markers (Fig. 2a) . The distribution of clinical, environmental and veterinary isolates is shown in Fig. 2(a) . Overall, 14 out of 19 environmental isolates represent unique microsatellite genotypes but they are close to clinical isolates with only one locus difference from each other, and five of them are grouped in a minor cluster. The composition of two minor clusters is mostly of isolates coming from HIV-positive patients (Fig. 2b) . The comparison with AFLP distribution shows that AFLP1A/VNI isolates and AFLP1C are related to each other differing in 0-4 loci (Fig. 2c) . Most of the AFLP1A/VNB/VNII sub A isolates combine together in a minor cluster and represent environmental isolates (Fig. 2c) . Interestingly, all AFLP1A/VNB/VNII sub B isolates cluster in a minor microsatellite complex and eight out of nine are from HIV-positive patients (Fig. 2c) . Temporal distribution shows the presence of the same genotype over prolonged periods, being frequently isolated throughout almost three decades of study (Fig. 2d) . When geographic distributions were considered, the isolates from different cities in the current study were highly related to each other, with clusters containing isolates from different locations (Fig. 2e) . 
Clinical data
Among the clinical isolates, 136 (69 %) were isolated from HIV-infected patients and 29 (14.7 %) were from patients with another immunosuppressive condition (transplant, n=20; corticosteroid use, n=4; other predisposing factors, n=5). In addition, seven patients (3.6 %) had no immunosuppressive condition and 25 (12.7 %) had an unknown immune status. The age ranged from 9 to 78 years, with a median of 38 years and the majority of patients were male (65 %, n=128).
DISCUSSION
In the current study, 219 C. neoformans s.l. isolates from southern Brazil, collected during the period 1987-2015, were molecularly characterized and a randomly chosen subset was subjected to antifungal susceptibility testing. With qPCR sero-and mating-type determination, it was observed that all isolates, except one, were serotype A and matingtype a. Globally, the majority of the clinical and environmental C. neoformans s.s. isolates are mating-type a ( [17, 22, 30, [36] [37] [38] [39] , present study). This feature suggests that C. neoformans s.s. is a predominantly clonal population with few recombination events and low genetic diversity that allows the maintenance of genomic markers associated with virulence [40, 41] . The presence of both mating-types facilitates sexual reproduction and recombination in a population. However, an exclusively mating-type a population may also have genetic recombination due to the capability of unisexual reproduction [42] . In specific geographic areas, for example India, unisexual reproduction is responsible for recombination and gene flow among C. neoformans s.s. populations [43] . In southern Africa mating-type a was found in 12 % of C. neoformans s.s. clinical isolates obtained from HIV-positive patients [44] , and among the clinical isolates from HIV-positive patients from Zimbabwe, 7.3 % of C. neoformans s.s. was mating-type a [45] . The presence of both mating-types among the African isolates is responsible for the genetic recombination within the C. neoformans s.s. population [45, 46] . C. neoformans s.s. AFLP1/VNI is the most frequent genotype among clinical and environmental isolates around the world [22, 23] . In Brazil, this genotype has been isolated in 77.5-98 % of the clinical and environmental isolates [24, 26, 47] . This was also observed in the present study where 78.5 % (n=172) of C. neoformans isolates were genotype AFLP1/VNI. In other countries of Latin America, this genotype also has a high prevalence. In Argentina, all environmental isolates belong to genotype AFLP1/VNI [48, 49] . In Colombia, 97 % of the clinical isolates are AFLP1/VNI [50] and 74.6 % of C. neoformans clinical isolates in Mexico are AFLP1/VNI [51] . In Peru, genotype AFLP1/VNI was found in 50 % of the isolates, but genotype AFLP1B/VNII was observed at a frequency of 34.4 % [52] , different from the present study and other Brazilian studies where genotype AFLP1B/VNII was rarely found [24, 38] . Interestingly, we found 23 isolates which clustered in a clade not described before, representing a new AFLP subgenotype (Fig. 1) . The correlation between AFLP genotype and antifungal susceptibility has been discussed during the last few years, and variable data are available in the literature. Some studies have observed a correlation between the genotype and the antifungal susceptibility profile, showing that C. neoformans s.s. AFLP1/VNI was found to be less susceptible to amphotericin B, fluconazole, itraconazole and flucytosine when compared to C. deneoformans AFLP2/VNIV and the interspecies hybrid AFLP3/VNIV [17, 28, 29] . Similar to our results, in The Netherlands, Hagen and colleagues [17] observed less susceptible isolates for flucytosine and fluconazole with MIC ranges of 0.5-64 and 0.25-16 mg l À1 , respectively [17] . In contrast, some studies found no relation between C. neoformans AFLP genotypes and antifungal susceptibility [26, 27, 31, 52] . This is in agreement with the present study, where no correlation between subgenotype and antifungal susceptibility was found. Cryptococcosis caused by C. neoformans s.s. in Brazil is mainly found in median-aged male patients, diagnosed with HIV or another immunosuppressive condition ( [25, 27, 38, 47, [53] [54] [55] , present study). In agreement with other Latin American countries, in Brazil the majority of clinical C. neoformans s.s. isolates are from HIV-positive patients [48, 50, 56] .
Microsatellites are tandem repeats present throughout the genome, but highly variable in number and repeat units for each individual within a population [57] . The higher mutation rates of microsatellite loci allow the investigation of intra-population genetic diversity [58] . In studies when closely related isolates need to be differentiated, microsatellite typing may be highly informative [58] . This approach is a high-resolution tool to sub-type C. neoformans s.s., providing excellent discrimination between isolates from different sources and allowing epidemiology studies [17, 18, 59] . In our study, we observed a major microsatellite complex composed mainly of clinical isolates that differ from each other by one locus, with only a few environmental and veterinary isolates that were closely related (Fig. 2a) . These results differ from Illnait-Zaragozí and colleagues [18] , where clinical and environmental isolates were clustered separately, suggesting additional ecological niches of C. neoformans s.l. in the environment and a different relation with hosts in Cuba [18] . However, the authors studied a large number of environmental isolates and our study had a dataset with the majority of isolates with a clinical background. We observed a correlation between the microsatellite genotypes and AFLP genotypes (Fig. 2c) , showing that each AFLP genotype clustered in different microsatellite clusters. Although both AFLP1A/VNB/VNII subgroups seem to be more genetically isolated, once both were in separated clusters. Temporal and geographic distribution showed that besides the presence of unique microsatellite genotypes, there are isolates from different locations and periods sharing similar microsatellite genotype and clustering together (Fig. 2d, e) .
We observed high genetic diversity among the isolates of our dataset, Simpson's diversity index was 0.9856, with 129 different microsatellite genotypes among 219 isolates, 93 being unique. The genetic diversity of southern Brazilian isolates was lower than observed in Cuba (D=0.993) where 104 genotypes were found among 190 isolates and also lower than observed in The Netherlands (D=0.994) where 196 genotypes were found among 259 isolates [17, 18] . In an Asian study, 265 different genotypes were found among 493 isolates and the genetic diversity varied according to the country. Kuwait and Qatar showed the most diversity in the population (D=1.000), followed by Japan (D=0.998), Indonesia (D=0.994), India (D=0.983), China (D=0.975) and Thailand (D=0.968). The authors also observed a relation between antifungal-resistant profiles in three specific microsatellite complexes (MC2, MC3 and MC17) [59] , which was not observed in the present study. In Brazil, Ferreira-Paim and colleagues [54] , using the ISHAM consensus MLST scheme, found a highly clonal population structure of C. neoformans s.s. in southeastern Brazil, and less variability when compared to Africa [54] . In contrast, our data showed high genetic diversity among C. neoformans s.s. isolates. However, different molecular approaches were used to analyse the genetic variability in both studies. MLST shows the polymorphisms in nucleotide sequences and allows the construction of a database; however, MLST fails to detect variability when the population has insufficient genetic variation, as occurs among individuals from a recent speciation [60] . Chen and colleagues [46] using MLST analysed the population structure of C. neoformans s.s. from Botswana, and found evidence of a clonal network by eBURST analysis; however, STRUCTURE and SplitsTree analyses showed recombination events between the genotypes VNI and VNB [46] . A similar discrepancy was also observed by Nyazika and colleagues using microsatellite typing of C. neoformans s.s. from Zimbabwe [45] . Contradictory results were obtained from the same dataset, where disequilibrium linkage tests were significant but Simpson's diversity index showed a high genetic diversity.
In conclusion, genotype AFLP1/VNI was the most frequent among the isolates studied and all C. neoformans sensu stricto isolates had low MICs of antifungal drugs. Microsatellite analysis revealed high diversity among the C. neoformans sensu stricto studied population with clinical, environmental and veterinary isolates being related to each other. In addition, the isolates showed a temporal and geographic relationship.
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